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We address the problem of Poincare´-invariant electromagnetic currents in the point form of rel-
ativistic quantum mechanics. In the relativistic spectator-model construction employed hitherto it
is assumed that only one of the constituent quarks is explicitly coupled to the photon. Neverthe-
less the corresponding current operator is not strictly of one-body character but effectively includes
many-body contributions. Imposing Poincare´ invariance alone, the spectator-model construction of
the electromagnetic current operator is left with ambiguities. They can be reduced by imposing
additional conditions such as charge normalization and time-reversal invariance. However, there
still remain theoretical uncertainties. We demonstrate the present uncertainty spread of point-form
spectator-model predictions along with elastic electromagnetic form factors. It is found that the
experimental data are ususally centered within a theoretical uncertainty band. We also examine the
variations in the form-factor predictions by two different kinds of constituent-quark models, namely,
the ones whose hyperfine interactions derive from Goldstone-boson exchange and from one-gluon-
exchange. The differences in the corresponding predictions remain smaller than the uncertainties
from the spectator-model construction of the current operator. In most instances they are also
smaller than the uncertainty spread of the experimental data.
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I. INTRODUCTION
In this paper, we present new results on the construc-
tion of electromagnetic (EM) current operators along
the so-called point-form spectator model (PFSM). The
approach is based on relativistic quantum mechanics
(RQM)[1] and has already been considered in the lit-
erature [3, 4] some time ago. The point-form imple-
mentation of RQM has recently gained much interest,
since it reproduces the nucleon EM and axial form fac-
tors surprisingly well, particularly in the context of
the Goldstone-boson-exchange (GBE) constituent-quark
model (CQM) [5, 6, 7]. Similarly, the electric and mag-
netic properties of the octet and decuplet baryon ground
states have been reproduced as well [8]. The method is
complementary to field-theoretic approaches such as in
Refs. [9, 10], and it is constrained to the regimes of low,
and possibly intermediate, momentum transfers. The
quality of the reproduction of the baryon EM properties
gave impulse to studies of strong baryon decays along the
same formalism, and the outcome is that these hadronic
decays are not described equally well [11, 12]. This obser-
vation has led us to a closer inspection of the general na-
ture of the PFSM construction. It has been discussed in
Ref. [13] that the PFSM implies effective many-body con-
tributions as a consequence of imposing Poincare´ invari-
ance. The PFSM formalism has the distinctive feature
that it maintains its spectator character under Lorentz
transformations, namely, only one quark is directly cou-
pled to the photon in any reference frame. In Ref. [13] it
has also been shown that a unique construction of PFSM
operators is not guaranteed by Poincare´ invariance alone.
There remain certain ambiguities that can produce a sig-
nificant effects. Further constraints should thus be elab-
orated. The present paper is devoted to this aim. In
Sect. II we detail the construction of the PFSM current
operator and discuss how it can be further constrained to
guarantee charge normalization and time-reversal invari-
ance. The residual ambiguities lead to a reduced uncer-
tainty band for the theoretical form-factor predictions,
and we discuss the corresponding results in comparison
to experiment in Sect. III. In Sect. IV we also investi-
gate the effects from different CQMs. In particular, we
consider the PFSM results by the GBE CQM and a rel-
ativistic version of a one-gluon-exchange (OGE) CQM.
their direct predictions are compared with the residual
uncertainties inherent in the PFSM construction. A com-
parison is made also with the form-factor results reported
from the CQM relying on instanton-induced (II) forces
by the Bonn group [14, 15]. We end the paper in Sect. V
with a summary and conclusion.
II. ELECTROMAGNETIC CURRENT
The possibility of having a variety of acceptable
Poincare´-invariant PFSM operators represents an impor-
tant issue to be investigated. The approach may lead to
distinct results that are to be considered equally valid, as
long as no further constraints can be imposed. The re-
duced matrix element of the PFSM EM current between
three-body states of quarks with individual momenta pi
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as detailed, e.g., in Ref. [13]. Regarding the nucleon elas-
tic EM form factors the transition amplitude between the















In the Breit frame, the nucleon electric and magnetic








, are related to



















χ†Σ′ (~σ × ~ez)χΣ , (4)
where Σ′,Σ = ± 12 are the spin projections of the nucleon
along the z-axis and χ the corresponding Pauli spinors.
A normalization factor N appears necessarily in the
PFSM current of Eq. (1). It is unavoidable, if one wants
to guarantee, e.g., for charge normalization (of the pro-
ton). In case it is not explicitly included in Eq. (1) (i.e.,
N is set to one), one cannot reproduce the charge of the
proton with properly normalized nucleon eigenstates to
be employed in Eq. (2). Following Ref. [13] one can in-
troduce a general relativistically invariant expression of
the type











In this form x and y are to be considered as parameters
varying in the range 0 ≤ x and 0 ≤ y ≤ 1. M and
M ′ are the masses of the incoming and outgoing baryon
states and they are obtained as solutions of the Poincare´-
invariant eigenvalue equation of the interacting mass op-








the invariant mass of the free three-quark system, where
~ki are the internal momenta of the incoming state. An





factors so defined are all Lorentz invariant and all lead
to a covariant PFSM current.
In the following, we limit the investigation to elastic
transitions,M =M ′, and further constrain the construc-
tion by adhering to additional requirements for the tran-
sition amplitudes. In figure 1 we present the results for




of the proton at zero
momentum transfer as calculated with the proton wave
functions of the GBE CQM [16]. In this limit the cur-
rent does not depend on the variable y but only on x, and
one should directly recover the unit charge of the proton.
Clearly, the only possibility consistent with the proton





FIG. 1: Proton electric form factor GpE at momentum transfer
Q2 = 0 (i.e. proton charge) as a function of the exponent x
in the normalization factor N of Eq. (5) as calculated within











FIG. 2: Expectation value of the electromagnetic current
component Jˆµ=3 in the Breit frame as a function of the expo-
nent y in the normalization factor N of Eq. (5) for three dif-
ferent values of the momentum transfer Q2, calculated within
the GBE CQM [16].
charge normalization is x = 3. This result is in line also
with the arguments of Ref. [13], where it was seen that
in the limit Q2 → 0 the PFSM reduces to a genuine one-
body operator only with a cubic normalization factor N .
Let us now consider the possible y-dependence. In fig-
ure 2 we show the expectation value of the third compo-
nent of the EM current operator (1) in the Breit frame
as a function of y for three different momentum trans-
fers. An antisymmetric structure emerges with the cen-




vanishes for all values of Q2. This observation is con-
gruent with the notion that in the Breit frame the third
component of the current has to vanish, if time-reversal
invariance is imposed [17, 18]. Indeed, we find that y = 12
has to be chosen in Eq. (5) in order to satisfy time-
reversal invariance. A normalization factor of this type
leads to the results for the elastic baryon electroweak
















to which we refer as the standard (symmetric) choice. It















that are based on exploiting the properties of the overall-
momentum-conserving δ-function of the EM transition
amplitude, as discussed in Ref. [13]. We point out
that under the same requirements (Poincare´ invariance
and charge normalization) several other time-reversal-
invariant choices of N are possible. For example, a valid
























with 0 ≤ z ≤ 1. One can identify the standard choice of
Eq. (6) by setting z = 0.5. Another form is obtained by

















In figure 3 we show the ratios of neutron and proton
magnetic form factors to the standard dipole form fac-
tors in comparison to experiment. For both the neutron
and the proton the predictions with NS (full lines) ex-
hibit a rapid fall off beyond Q2 ≈ 1 GeV2 following ap-
proximately the lower bounds of the experimental neu-
tron data, but underestimating considerably the proton
data. The dashed lines represent the results with Nari
and we observe an overprediction of the experimental
data. Obviously different possible choices ofN imply and
allow different Q2-dependences of the form-factors. As
has been detailed already in Ref. [13], the normalization
factor introduces an increased modification of the Q2-
dependence towards higher momentum transfers. This
explains why we observe an enhanced sensitivity on the
different choices of N at higher Q2-values. Since we may
consider all solutions intermediate between NS and Nari
equivalent under the constraints imposed on the choice
of N , we also have performed a one-parameter fit to the
experimental data of the ratios GnM/GD and G
p
M/GD at
a single momentum transfer of Q2 = 3 GeV2 by varying
z in the normalization factor of Eq. (8). It leads to z = 16
and produces the results represented by the dash-dotted





































FIG. 3: Ratios of magnetic form factor to standard dipole
paramterization for the neutron (left) and proton (right) with
PFSM currents in the GBE CQM. The full lines denote the
results with NS, the dashed lines with Nari, and the dash-
dotted lines with Nfit. All ratios are normalized to 1 at Q
2 =
0. Experimental data are from Refs. [19, 20, 21, 22, 23, 24,
25, 26, 27, 28] and [29, 30, 31, 32, 33, 34, 35].
and NS as the upper and lower bounds, respectively, of
the spread of the theoretical uncertainty in the predic-
tions for the nucleon EM form factors; the best-fit result
just lies in between. In the following we investigate the
description of the nucleon EM structure in view of the
uncertainties inherent in the PFSM approach (through
the choice of N ) and the variations stemming from nu-
cleon wave functions of three types of different relativistic
CQMs.
III. DISCUSSION OF FORM-FACTOR RESULTS
In figures 4 and 5 we compare the different predictions
for elastic proton and neutron form factors we obtain in
the PFSM approach applying the three different time-
reversal invariant choices of normalization factors, NS,
Nari and Nfit, introduced in the previous section. The
4data appear to be well reproduced, the spread of the the-
oretical uncertainties is found to be rather narrow. The
two curves with NS and Nari envelop the experimental
data in most cases, while the curve with Nfit lies just in
between. This is most evident for the proton form fac-
tors where the experimental data are very accurate. For
the neutron electric form factor the theoretical uncertain-
ties are considerably smaller than the experimental ones,
and there is a tendency of a slight underprediction of the
neutron electric form factor.
Regarding the proton electric form factor a more selec-
tive representation is usually chosen by considering the
ratios GpE/G
p
M as well as G
p
E/GD, like in figure 6. In
this context one has become aware of a striking discrep-
ancy between earlier data extracted by the method of
Rosenbluth separation [29, 30, 32] and more recent data
from polarization measurements [50, 51, 52, 53]. The
problem has been investigated experimentally by addi-
tional measurements at the Jefferson Laboratory using
the Rosenbluth technique [34, 35]. According to Ref. [54],
the inclusion of Coulomb distortions in the Rosenbluth
method has a non-negligible effect, but cannot account
for the whole discrepancy. It also has been suggested that
the effect of two-photon contributions could have an im-
pact [55, 56], particularly on the Rosenbluth separation.
Obviously, the experimental situation is still a matter of
discussion (see also Refs. [48, 57, 58]). On the theoretical
side, the major efforts to resolve the discrepancies take
into account two-photon corrections [59, 60, 61, 62, 63]
and additional ∆ contributions [64]. For an updated dis-
cussion on this issue see also Ref. [65].
In figure 6 we show the ratios of the electric proton
form factor to the magnetic form factor (left) and to
the dipole form factor in the standard parametrization
(right). Again, the theoretical spread from the PFSM
calculation enlarges with increasing momentum transfer.
The dash-dotted line corresponding to the case with Nfit
is found amidst the band of experimental data; it is in
particular congruent with the latest data from the asym-
metric beam-target experiment by Jones et al. [48].
Figures 4 to 6 demonstrate the theoretical uncertain-
ties in the construction of PFSM current operators, stem-
ming from different allowed choices of the normalization
factor N in Eq. (1), relative to the existing experimental
data. At Q2 = 0 the effects from different forms of N
vanish. They grow towards higher values of momentum
transfers. Still, the theoretical uncertainty band remains
relatively small up to Q2 ≈ 3 GeV2. Regarding the pro-
ton electromagnetic form factors it covers the spread of
experimental data. For the neutron electric form fac-
tor it falls within the band of experimental uncertainties,
whereas for the neutron magnetic form factor it exceeds
the experimental data towards smaller Q2 values. In or-
der to constrain the PFSM construction further, one has
to find additional conditions. At this stage one is left
with an uncertainty spread bounded by the theoretical
results obtained with Nari and NS.
IV. CQMS AND ELECTROMAGNETIC
PROPERTIES
In this section we fix the normalization of the PFSM
current to the standard choice NS of Eq. (6) and inves-
tigate the effects from different relativistic CQMs in the
EM form factors of the nucleons. In addition to the re-
sults obtained with the GBE CQM we present the predic-
tions of the CQM whose hyperfine interaction is based on
the OGE mechanism. In particular, we employ the rel-
ativistic variant of the Bhaduri-Cohler-Nogami (BCN)-
OGE CQM [66] in the parameterization of Ref. [67]. A
comparison of the baryon spectra obtained with the GBE
and BCN-OGE CQMs has been presented in Ref. [68].
There one also compared the spectroscopy with a third
type of CQM, namely the relativistic CQM whose hyper-
fine interaction relies on II forces [14, 15]. The II CQM by
the Bonn group differs from the GBE and BCN-CQMs
as it is not defined within the framework of RQM but
rather derived along a Bethe-Salpeter approach. Also
the construction of the relativistic spectator current [69]
principally differs from the one in the PFSM.
In figures 7 and 8 we compare the predictions of the
three different CQMs for the EM form factors of the pro-
ton and the neutron, respectively. We observe that the
differences between the GBE and OGE CQMs are rela-
tively small, in most cases the curves are even indistin-
guishable. Only for the electric form factor of the neutron
the discrepancies between the curves are clearly visible,
but here one should take into account the expanded scale
in the ordinate of that figure. In all instances especially
the predictions of the GBE and OGE CQMs are also
found in surprisingly good agreement with the experi-
mental data.
It is interesting to note that the predictions of the
II CQM are also very similar to the ones of the GBE
and OGE CQMs, even though they have been derived
in a completely different framework. The results from
the II CQM tend to underestimate the proton (electric
and magnetic) form factors and overestimate the neu-
tron form factors but still the similarity of all the results
is striking. On the other hand, a CQM, where only the
confinement potential is present, fails in reproducing the
electromagnetic nucleon structure. In particular, it yields
a neutron electric form factor that is much too small, as
it tends to zero. The reason is that a certain mixed-
symmetric spatial component is needed in the neutron
wave function in order to produce a non-vanishing neu-
tron electric form factor. The wave function produced by
the confinement potential only comes practically with a
symmetric spatial component.
For a closer inspection of the CQM results it is instruc-
tive to look at their predictions through the magnifying
glass of GnM/GD and G
p
M/GD ratios. This comparison
is given in figure 9. The tiny differences between the
PFSM predictions of the GBE and OGE CQMs are con-
firmed. In particular, the discrepancies are found lesser
than the spread coming from the uncertainties in the































FIG. 4: Comparison of the electric and magnetic form factors of the proton as predicted with different normalization factors
in the PFSM current in case of the GBE CQM. Same notation and experimental data as in figure 3.





































FIG. 5: Same notation as figure 4, but for the neutron. Experimental data from Refs. [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 36,





































FIG. 6: Same notation as figure 3 but for the proton form factor ratios; electric to magnetic (left panel) as well as electric to
dipole (right panel). All ratios are normalized to 1 at Q2 = 0. Experimental data from Refs. [29, 30, 31, 32, 33, 34, 35, 48, 49,
50, 51, 52, 53].































FIG. 7: Relativistic predictions for the electric and magnetic form factors of the proton by the GBE (full line), BCN-OGE
(dashed line) and II (dotted line) CQMs. In addition the result for the case with only the confinement potential (inherent in
the GBE CQM) is given (dash-dotted line). Experimental data as in fig. 4.










































































FIG. 9: Effect of hyperfine interaction on the ratios of magnetic to dipole form factors for the neutron (left panel) and the
proton (right panel). All ratios are normalized to 1 at Q2 = 0. Experimental data as in fig. 3.
7normalization factor N (cf. figure 3). The Q2 depen-
dence of the magnetic form factors is slightly distinct in
the case of the II CQM, but differences from the predic-
tions of the GBE and OGE CQMs still remain relatively
small. This is remarkable, as the theoretical frameworks
are completely different. We conclude that realistic nu-
cleon wave functions are necessary in order to describe
the proton as well as neutron electromagnetic structure
in a reasonable manner. Such type of wave functions are
obviously achieved in the GBE, OGE, and II CQMs. For
the GBE and OGE CQMs, the congruency of the predic-
tions of nucleon form factors specifically rests on similar
nucleon wave functions [70], regarding spatial symmetry
and spatial extension, what largely determines the Q2
dependence.
V. SUMMARY AND CONCLUSION
We have addressed a theoretical uncertainty that re-
sides in the construction of point-form spectator model
currents. It concerns the choice of an unavoidable nor-
malization factor N in the PFSM construction that is
not completely constrained by Poincare´ invariance alone.
Additional conditions such as charge normalization and
time reversal invariance further constrain the possible
choices. We have examined the residual indetermination
in the factor N and evaluated the resulting spread in the
predictions for elastic nucleon form factors. The band of
theoretical uncertainties typically covers the experimen-
tal data with the upper bounds limited by Nari and the
lower ones by NS.
In addition, we have investigated the dependences of
the form-factor results on different relativistic CQMs.
The GBE and OGE CQMs imply hyperfine interac-
tions that rely on rather distinct dynamical concepts
(flavour-dependent Goldstone-boson exchange and color-
magnetic hyperfine interaction, respectively); neverthe-
less, we have found only minor differences in the cor-
responding predictions for elastic nucleon form factors.
We have also made a comparison to the predictions of
the II CQM. The II CQM leads to results that are simi-
lar to the PFSM ones, in spite of the completely different
frameworks. Instead, if one leaves out completely the hy-
perfine interaction, one obtains an unrealistic description
that leads to an almost vanishing neutron electric form
factor.
From this study we conclude that the dependence of
the results on the possible choices of normalization fac-
tors is generally greater than the variations obtained in
PFSM calculations with two rather different types of hy-
perfine interactions.
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